r Binaural excitatory inputs to coincidence detection neurons in nucleus laminaris (NL) play essential roles in interaural time difference coding for sound localization.
Introduction
As an essential feature for encoding interaural time differences (ITDs) for sound localization, coincidence detection neurons in the avian nucleus laminaris (NL) receive bilateral excitatory inputs from the cochlear nucleus magnocellularis (NM), with the dorsal dendrites receiving input from the ipsilateral NM and the ventral dendrites from the contralateral NM. Remarkably, the two sets of dendrites of a single NL neuron are morphologically symmetrical (Rubel & Parks, 1975) . Consistent with the morphological symmetry, the bilateral excitatory inputs are physiologically symmetrical in both extracellular responses to sound stimuli (Köppl & Carr, 2008) and intracellular EPSCs and EPSPs evoked with single-pulse synaptic stimulation (Funabiki et al. 1998; Lu, 2009) . The symmetry of the bilateral excitatory inputs (sound-evoked EPSPs) has been also observed in mammalian medial superior olive (MSO, an NL analogue) neurons in vitro and in vivo (van der Heijden et al. 2013; Franken et al. 2015) . The importance of such symmetry for ITD coding is supported by computer-modelling studies (Agmon-Snir et al. 1998; Grau-Serrat et al. 2003; Dasika et al. 2007) in which identical morphological and physiological parameters of the two excitatory inputs, including synaptic location, number of synaptic inputs, ion channel conductance and kinetics, are assigned. More importantly, these parameters render the computer simulation to generate the most efficient and effective coincidence detection of the two converging inputs. Because of these specialized neuronal properties, the NL has provided a unique opportunity to neuroscientists in studying the effects of unilateral hearing deprivation on cellular structures and functions, using a powerful within-cell control experiment protocol (e.g. Deitch & Rubel, 1984; Sorensen & Rubel, 2006; Wang & Rubel, 2012) . However, quantitative analyses are still lacking in regard to the degree of synaptic segregation and the linearity of synaptic integration between the two excitatory inputs, which are key issues for understanding bilateral coincidence detection in auditory brainstem processing (Hyson, 2005; Grothe et al. 2010; Vonderschen & Wagner, 2014) .
Equally important, it remains unknown whether the two excitatory inputs maintain physiological symmetry under neuromodulation by activation of metabotropic glutamate receptors (mGluRs), given that the excitatory transmission (Okuda et al. 2013) as well as cellular excitability of NL neurons (Hamlet & Lu, 2016) are subject to modulation by mGluRs. We hypothesize that the symmetry is maintained under mGluR modulation. If so, we can use NL as an ideal model to investigate activity-dependent plasticity of neuromodulation. Activity-dependent plasticity of neuronal properties plays an important role in hearing development and ensures normal functioning of auditory circuits at maturation (Sanes & Kotak, 2011; Sanes & Woolley, 2011) . Previous studies investigating the mechanisms of such plasticity have predominantly focused on ion channels that "mediate", but not metabotropic receptors that "modulate" neuronal activity (Walmsley et al. 2006; Turrigiano, 2011; Nadim & Bucher, 2014) . For example, hearing deprivation or deafness causes neural plasticity to compensate for diminished excitatory input (Walmsley et al. 2006; Sanes & Kotak, 2011; Sanes & Woolley, 2011) via mechanisms of homeostatic and Hebbian plasticity involving presynaptic transmitter release, postsynaptic ionotropic receptors and voltage-gated ion channels (Oleskevich & Walmsley, 2001; Vale & Sanes, 2002; Lu et al. 2004; Kuba et al. 2010) . Much less attention has been paid to plasticity of neuromodulation (Smith et al. 2014) . Because neuromodulation regulates synaptic strength and cellular excitability (Niswender & Conn, 2010; Ko et al. 2016) , alteration in neuromodulation is expected to ultimately and significantly affect neural plasticity and signal processing.
Therefore, the goals of this study are twofold: (1) to characterize the physiological symmetry between the two excitatory inputs to NL neurons under control and modulatory conditions; and (2) to determine the plasticity of mGluR modulation of the excitatory inputs in response to hearing deprivation.
Methods

Ethical approval
The experimental procedures have been approved by the Institutional Animal Care and Use Committee (IACUC) at Northeast Ohio Medical University (protocol number: 17-04-085) and are in accordance with the National Institutes of Health (NIH) policies on animal use. We confirm that our work complies with the ethical principles under which The Journal of Physiology operates.
Slice preparation and whole-cell recordings
Fertilized chicken eggs (Gallus domesticus) were purchased from Charles River (Wilmington, MA, USA) and incubated using a 1502 Sportsman Incubator until embryonic day (E)19 (GQF Manufacturing Co., Savannah, GA, USA) when they were moved to another incubator until hatching (Lyon, Chula Vista, CA, USA). Brainstem slices (250-300 μm thick) were prepared from chicken embryos after hearing onset (E16-21) and early hatchings (post-hatch day (P) 1-10) of both sexes, as described previously (Tang et al. 2013; Curry & Lu, 2016) . Briefly, the ice-cold artificial cerebrospinal fluid (ACSF) used for dissecting and slicing the brain tissue contained (in mM): 250 glycerol, 3 KCl, 1.2 KH 2 PO 4 , 20 NaHCO 3 , 3 Hepes, 1.2 CaCl 2 , 5 MgCl 2 and 10 dextrose, pH 7.4 when gassed with 95% O 2 and 5% CO 2 . Slices were incubated at 34-36˚C for ß1 h in normal ACSF containing (in mM): 130 NaCl, 26 NaHCO 3 , 3 KCl, 3 CaCl 2 , 1 MgCl 2 , 1.25 NaH 2 PO 4 and 10 dextrose (pH 7.4).
For physiological recordings, slices were transferred to a 0.5 mL chamber mounted on a Zeiss Axioskop 2 FS Plus (Zeiss, Oberkochen, Germany) with a 40× water-immersion objective and infrared, differential interference contrast optics. The chamber was continuously superfused with ACSF (1-2 mL min −1 ) driven by gravity. The microscope was positioned on the top centre of an Isolator CleanTop II and housed inside a Type II Faraday cage (Technical Manufacturing Corporation, Peabody, MA, USA). Voltage and current clamp experiments were performed with an AxoPatch 200B and an AxoClamp 2B amplifier, respectively (Molecular Devices, Union City, CA, USA). Recordings were performed in the same ACSF as used for slice incubation at a warm temperature of 35 ± 1°C, controlled by a single channel temperature controller TC324B (Warner Instruments, Hamden, CT, USA). Patch pipettes were drawn on an electrode puller PP-830 (Narishige, Japan) to 1-2 μm tip diameter using borosilicate glass micropipettes (inner diameter of 0.84 mm, outer diameter 1.5 mm) (World Precision Instruments, Sarasota, FL, USA). The electrodes had resistances of between 3 and 7 M (4.78 ± 0.12 M , n = 83) when filled with a solution containing (in mM): 105 potassium gluconate, 35 KCl, 5 EGTA, 10 Hepes, 1 MgCl 2 , 4 ATP-Mg and 0.3 GTP-Na, with pH of 7.2 (adjusted with KOH). The Cl − concentration (37 mM) in the internal solution was chosen to approximate the physiological Cl − concentration in NL neurons measured with gramicidin perforated-patch recordings (Tang et al. 2009 ). The liquid junction potential was 10 mV and data were corrected accordingly. Whole-cell capacitance (C m ) neutralization and series resistance (R s ) compensation was not performed for three considerations. First, in all voltage clamp experiments, the cells were clamped at −60 mV, a value very close to the resting membrane potential (RMP) of NL neurons (Gao & Lu, 2008) . Therefore, space clamp and voltage escape might not be a significant issue. Second, the experiments in this study were designed either to compare the two bilateral excitatory inputs onto the same NL neuron, or to compare the current amplitudes recorded from the same neuron before, during and after the application of pharmacological agents. Therefore, the system error is expected to be cancelled out in these comparisons. Third, since we did not apply any voltage commands during our voltage clamp recordings, the effect of R s on voltage step-induced currents may not be significantly involved in EPSCs. Nonetheless, the caveats of not performing C m neutralization and R s compensation, and how this may have affected some of the data analyses have been discussed (see Discussion). For current clamp experiments, cells were held at their RMPs (no extra current injections were used to alter the baseline RMPs). Data were low-pass filtered at 3-10 kHz, and digitized with a Data Acquisition Interface ITC-18 (Instrutech, Great Neck, NY, USA) at 20 kHz.
Synaptic stimulation and recordings of synaptic responses
Extracellular synaptic stimulation was performed using concentric bipolar electrodes with a tip core diameter of 127 μm (World Precision Instruments). Square electric pulses (duration of 200 μs) were delivered through a Stimulator A320RC (World Precision Instruments). The stimulating electrode was placed using a Micromanipulator NMN-25 (Narishige, Tokyo, Japan). Cell bodies of NL neurons form a laminar structure in transverse tissue sections and can be reliably identified under the microscope (Lu, 2009) . To activate the two segregated glutamate pathways to the NL, two stimulation setups were used. One stimulation electrode was placed on the ipsilateral NM, and the other on the fibre tract ventral and J Physiol 596.10 medial to the NL, which originates from the contralateral NM. Such an arrangement of the two stimulating electrodes generated synaptic responses of similar latency (Lu, 2009) .
EPSCs and EPSPs were recorded in the presence of SR95531 (gabazine, 10 μM) and strychnine (1 μM), antagonists for GABA A receptors and glycine receptors, respectively. For voltage clamp experiments, QX 314 (5 mM), a voltage-gated sodium channel blocker, was included in the recording electrodes to prevent action currents. In some experiments (Figs 1 and 4) , the NL was divided into three characteristic frequency (CF) regions (low (LF): 0.4-1.0 kHz; middle (MF): 1.0-2.5 kHz; and high CF (HF): 2.5-3.3 kHz) based on the coding frequencies of neurons along the tonotopic axis (Rubel & Parks, 1975; Kuba et al. 2005; Tang & Lu, 2012) . Specifically, about five coronal brain slices (defined as slices 1-5 from rostral to caudal) containing NL were obtained from each animal. The NL in each slice was roughly divided into 1-3 sectors along the medial-to-lateral axis and the CF regions were determined as previously described (Tang & Lu, 2012) . In general, the cell bodies of MF/HF neurons form a single-layer structure in the same focus plane, whereas the cell bodies of LF neurons form multiple layers in the dorsal-ventral direction.
All chemicals and drugs were obtained from Sigma (St Louis, MO, USA) except for 6-imino-3-(4-methoxyphenyl)-1(6H)-pyridazinebutanoic acid (SR95531), (RS)-3,5-dihydroxyphenylglycine (3,5-DHPG), (2S,2 R,3 R)-2-(2 ,3 -dicarboxycyclopropyl)glycine (DCG-IV) and L-2-amino-4-phosphonobutyric acid (L-AP4), which were obtained from Tocris (Ballwin, MO, USA). Drugs were bath applied using a gravity-driven perfusion system.
Cochlea removal
Unilateral surgical removal of the cochlea (basilar papilla) was performed as described previously (Born & Rubel, 1985; Lu et al. 2004) . Briefly, chicken hatchlings (P1-P3) were anaesthetized with inhalation anaesthetics (isoflurane) administered by bell jar-style chamber and maintained via nose cone at the dose of 1-3% (balanced with pure oxygen). Hair around one ear was removed and 70% alcohol was applied to the surface area around the ear. The skin at the rear part around the ear canal was cut to expose the tympanic membrane. The tympanic membrane was punctured using a fine needle (gauge no. 30) and the columella (middle ear bone) was removed, exposing the oval window. The cochlea was approached with a pair of sharp forceps through the ear canal and pulled out of the bony capsule through the oval window. The excised basilar papilla was floated in a Petri dish and examined to ensure complete removal. The cutting of the skin around the ear canal may cause minimal bleeding. Any bleeding was controlled with sterile gel foam and/or electric burner. The skin cut was sealed with cyanoacrylic glue. Animals recovered in a heated cage. Animals were allowed to survive for between 1 and 3 days, at which time they were used for the experiments described above (except for the histology experiment, which was done 13 days after the surgery). This time window (1-3 days after surgery) was chosen because the most dramatic changes in cellular proteins after the same sensory deprivation occur during this period (Rubel & Fritzsch, 2002) . As an analgesic, buprenorphine (pharmacy grade, Buprenex) at a dose of 0.02 mg kg −1 was routinely administered subcutaneously at the end of a surgery, and subsequent doses were given about every 12 h as needed for continued signs of pain. This procedure leaves the cochlear ganglion neuronal cell bodies intact, but immediately eliminates all action potentials (APs) in the auditory portion of the eighth nerve and NM neurons (Born & Rubel, 1985) , resulting in unilateral deafness of the ear receiving the surgery.
Data analysis and statistics
Recording protocols were written and run using AxoGraph acquisition and analysis software (AxoGraph Scientific, Sydney, Australia). Peak values of EPSCs and EPSPs were measured from the baseline, which was zeroed immediately prior to the onset of the stimulus artifact. Statistical analysis was performed using Excel (Microsoft, Redmond, WA, USA) and Statview (Abacus Concepts, Berkeley, CA, USA), and graphs were constructed in Igor (Wavemetrics, Lake Oswego, OR, USA). Means and standard errors of the mean (SEM) are reported. Statistical differences were determined by paired or unpaired t tests, with the significance level for P being 0.05.
Immunostaining and western blot
All reagents for immunostaining were purchased from Sigma (St Louis, MO, USA) unless otherwise indicated. Chicken embryos (E16-19) and early hatchlings (P1-14) were used to study the protein expression of mGluR1 (one of the two members of group I mGluRs) (n = 6 animals, at age of E16, E17, E18, E19, P6 and P10) and mGluR2/3 (the two members of group II) using specific polyclonal antibodies, by following our established protocols (Tang et al. 2013) . Embryos were decapitated and the brains were immediately immersed in a fixative solution of 4% paraformaldehyde (PFA, pH 7.4), whereas hatched animals were deeply anaesthetized with Fatal-Plus (Vortech Pharmaceuticals Ltd, Dearborn, MI, USA) and transcardially perfused with PFA. The brains were dissected out, post-fixed in PFA for 2 h at room temperature (RT) and then overnight (O/N) at 4°C, rinsed thoroughly in phosphate-buffered saline (PBS, pH 7.4), and sliced using a vibratome (50 μm in thickness). versa) show discontinuous synaptic depression, indicating independence of the two inputs. The stimulus intensities were chosen to evoke nearly maximal and stable EPSCs. The schematic drawing shows the experimental protocol. B, EPSCs elicited by ipsi or contra train stimulation alone (100 Hz, 20 pulses), and bilateral (ipsi + contra) stimulus. The superimposed 1st and 20th EPSCs are shown on the right at an expanded time scale. C, segregation fractions (ipsi2/ipsi and contra2/contra) varied around the value of one (the green line) (n = 15, 18 and 10 for LF, MF and HF neurons), suggesting nearly complete segregation of the two excitatory inputs. D, for EPSCs, integration fraction was below the value of one (the red line) throughout the stimulation period (n = 8, 16 and 9 for LF, MF and HF neurons), indicating sub-linear integration of EPSCs. E, sample averaged traces of EPSPs obtained in current clamp recordings in response to ipsi alone, contra alone, and bilateral (ipsi + contra) stimuli (Ea). The EPSPs integrated nearly linearly. Ten superimposed individual traces from the same neuron in response to the same bilateral stimulus (repeated 10 times) display three EPSPs and seven action potentials (AP) (Eb). F, combined average segregation fractions (left 6 bars) and integration fractions (right 6 bars) across the 20 stimulus pulses. While integration fractions for EPSCs are well below 1.0 (sub-linearity), integration fractions for EPSPs were close to 1.0 indicating linear summation. Cells were held at −60 mV for voltage clamp experiments, and at their resting membrane potentials for current clamp experiments. LF, MF and HF: low, middle and high frequency region of the NL, respectively. In this and subsequent figures, bars represent means ± SEM. * P < 0.05; n.s.: not significant. Stimulus artifacts are blanked for clarity unless otherwise indicated.
The free-floating sections were rinsed in PBS. Endogenous peroxidase activity was quenched for 30 min in 3% H 2 O 2 (in 80% methanol-PBS) and non-specific binding sites were blocked for 2 h in 5% normal goat serum (in 0.5% Triton-PBS). For antigen retrieval, sections were heated (70-90°C) in sodium citrate buffer (0.05 M) and 0.9% NaCl solution for 60 min. Sections were incubated with the primary antibody (1:300 for mGluR1, Abcam, catalogue code ab82211; and 1:500 for mGluR2/3, Abcam, catalogue code ab6438; in 2% bovine serum albumin, 0.5% Triton-PBS, O/N, RT) followed by incubation with the biotinylated anti-rabbit secondary antibody (1:400, Abcam, catalogue code ab64256, Cambridge, MA, USA) for 2 h at RT. The signal was amplified using an avidin-biotin-horseradish peroxidase-based system (Vector Laboratory, Burlingame, CA, USA). Sections were rinsed in Tris-buffered saline (TBS, pH 7.4) prior to the nickel-diaminobenzidine reaction, mounted on slides and allowed to air-dry (O/N, RT). Finally, slides were dehydrated by an ascending ethanol series, cleared in xylene and coverslipped using Permount mounting media (Fisher Scientific, Fair Lawn, NJ, USA). Negative control experiments were performed with the omission of the primary antibody. Images were taken with a high-resolution CCD camera system (Spot camera, Diagnostic Instruments, Inc., Sterling Heights, MI, USA) mounted on an Olympus Provis AX70 microscope (Tokyo, Japan).
All reagents for western blot analysis were purchased from Fisher Scientific unless otherwise stated. After decapitation under deep anaesthesia, the chicken brains were immediately dissected out in ice-cold ACSF. Tissues of interest containing NL were collected into vials filled with lysis buffer (in mM): 10 Tris-HCl, 100 NaCl, 1 EDTA, 1 EGTA, and 1% SDS (pH 6.8). After homogenizing the tissues, total proteins were extracted by centrifugation and their concentration was determined by BCA assay (Thermo Scientific, Rockford, IL, USA). Proteins were loaded (50 μg/lane) and separated by 10% SDS-PAGE, and wet-transferred onto PVDF membranes (100 V, 1 h), which were blocked in 5% skimmed milk Tris-buffered saline-Tween (TBS-T, pH 7.5; 1 h, RT) prior to incubation with anti-mGluR1 antibody (1:1000 in blocking buffer, O/N, 4°C; Abcam, catalogue code ab82211). Membranes were then rinsed three times (10 min each) in TBS-T (and prior to all subsequent steps), incubated 1 h with horseradish peroxidase-conjugated goat anti-rabbit-IgG (1:3000; catalogue code 1706515, Biorad Inc., Hercules, CA, USA), processed for chemiluminescent reaction (5 min; enhanced chemiluminescence (ECL) kit, Thermo Scientific), and developed on film.
Results
Synaptic segregation and integration of the bilateral excitatory inputs to NL
It has been assumed that the two excitatory inputs to NL were completely segregated and the integration of the inputs was inferred to be linear in computer-modelling studies (Agmon-Snir et al. 1998; Grau-Serrat et al. 2003; Dasika et al. 2007) . While this assumption has been confirmed for the mammalian analogue of NL, the MSO (van der Heijden et al. 2013) , evidence that supports the assumption in the avian NL is lacking. To address this, we used our established methods (Lu, 2009 ) to record EPSCs in response to electrical stimulations that separately activate the dorsal and ventral inputs. To approximate physiological conditions, the stimulus frequency of 100 Hz was chosen to mimic the firing rates of NM neurons in vivo (Warchol & Dallos, 1990; Fukui et al. 2006) . The stimulus intensities were chosen to evoke nearly maximal and stable EPSCs, in order to eliminate the complication of stimulus intensity-dependent short-term plasticity in NL (Tang & Lu, 2012) . Cells were grouped based on their locations in three coding frequency regions (LF, MF and HF: low, middle and high frequency) defined previously (Rubel & Parks, 1975; Kuba et al. 2005; Tang & Lu, 2012) .
Consistent with previous studies (Kuba et al. 2002; Cook et al. 2003) , EPSCs elicited by the ipsilateral (ipsi) or contralateral (contra) train stimulation (100 Hz, 20 pulses) exhibited strong synaptic depression. EPSCs elicited in an alternating sequence (ipsi followed by contra, and vice versa) show nearly complete recovery in amplitude from synaptic depression (Fig. 1A) , indicating relative independence of the two excitatory inputs. If the two inputs were not independent, synaptic depression would continue in response to the alternating stimulus sequence of ipsi1-contra2 or contra1-ipsi2. To quantitatively assess synaptic segregation and integration of the bilateral excitatory inputs, we developed a data analysis method by taking advantage of the characteristic synaptic depression of EPSCs in NL neurons. We defined segregation fraction as the ratio of the amplitude of each of the individual EPSCs elicited in a sequence (ipsi1 followed by contra2, and contra1 followed by ipsi2) over the matching EPSC elicited by one stimulus alone (ipsi2/ipsi and contra2/contra), with the value of zero meaning no segregation and the value of one meaning theoretically complete segregation. Regardless of the CF regions, the segregation fractions varied around the value of one, especially for responses at the end of the 20-pulse train stimulation ( Fig. 1C ; n = 15, 18 and 10 for LF, MF and HF neurons, respectively), and there was no difference between the two bilateral inputs when combined fractions across the 20 stimulus pulses were compared (Fig. 1F , left 6 bars, paired t test; LF: ipsi 0.871 ± 0.013, contra 0.883 ± 0.023, n = 15, P = 0.355; MF: ipsi 0.934 ± 0.013, contra 0.918 ± 0.008, n = 18, P = 0.215; HF: ipsi 1.001 ± 0.030, contra 0.980 ± 0.048, n = 10, P = 0.733), suggesting functional segregation of the two excitatory inputs under ongoing excitatory input conditions when the synaptic strength is at steady state. The segregation fraction values for HF neurons were more variable than those of the LF and MF neurons, possibly due to their short dendrites and consequently varying overlap of the two excitatory inputs in HF neurons.
To determine the linearity of synaptic integration between the two excitatory inputs, EPSCs were firstly elicited by ipsi or contra train stimulation alone (100 Hz, 20 pulses), and then by both train stimuli at the same time, i.e. bilateral (ipsi + contra) (Fig. 1B) . Because the response latency depends on the placement of the stimulating electrode in vitro, if the time difference of the latencies between the ipsi and contra responses was larger than 0.2 ms, slight adjustment of the timing of the stimuli was performed to ensure the onsets of the two EPSCs were at about the same time (<0.2 ms time difference). However, a perfect alignment of the onsets of the two EPSCs is practically not feasible. We defined integration fraction as the ratio of the summed EPSC amplitude over the mathematical addition of the amplitudes of the two individual EPSCs, with the value of around 1 (arbitrarily 0.9-1.1) meaning approximately linear integration, and values of <0.9 and >1.1 meaning sub-linear and super-linear, respectively. For all neurons tested, the mean value of this measurement at individual impulses was below 0.9 throughout the stimulation period (Fig. 1D , n = 8, 16 and 9 for LF, MF and HF neurons, respectively). When combined, the mean integration fractions across the 20 stimulus pulses were smaller than 0.75, being 0.741 ± 0.010, 0.705 ± 0.007 and 0.705 ± 0.016 for LF, MF and HF neurons, respectively (Fig. 1F, middle 3 bars, brown in colour) , indicating sub-linear integration of EPSCs between the two excitatory inputs. There was a tendency for a slight increase in integration efficiency in later EPSCs in response to the 100 Hz train stimulation, as observed in superimposed 1st and last (20th) EPSCs (Fig. 1B right column) . The sub-linearity of EPSC integration is somewhat surprising because under perfect voltage clamp a linear summation of the two EPSCs is expected. To further test this, we used current clamp to examine synaptic integration of EPSPs. For consistency and simplicity, we made recordings from 14 MF neurons and used a single-pulse stimulus protocol (Lu, 2009 ). We first elicited subthreshold EPSPs with ipsi stimulus alone and contra stimulus alone (5 repetitions each) and then applied a bilateral (ipsi + contra) stimulus (Fig. 1E) . The bilateral stimulus was repeated 10 times. For this sampled neuron, the bilateral stimulus evoked three subthreshold responses (i.e. EPSPs) and seven supra-threshold responses (i.e. action potentials, APs). We averaged the EPSP traces and obtained the integration fraction for EPSPs by calculating the ratio of the amplitude of the summated EPSP over the mathematical addition of the amplitudes of the ipsi EPSP and contra EPSP. This resulted in a nearly linear summation of the two EPSPs (Fig. 1F , red bar, 0.918 ± 0.051, n = 14). When the supra-threshold responses (APs) are taken into account, assuming the spike threshold to be the amplitude of the summated EPSPs, the weighted integration fraction is indeed linear (Fig. 1F , blue bar, 1.004 ± 0.049, n = 14). Given that the AP threshold is the minimum estimate of the summated EPSPs, the integration of the bilateral excitatory inputs could be even super-linear. No obvious differences in synaptic segregation and integration between embryos and hatchlings were observed, so data from cells of different age populations were combined.
Symmetry in physiology between the bilateral excitatory inputs to NL
The bilateral excitatory inputs to NL are physiologically symmetrical in intracellular EPSCs and EPSPs evoked with single-pulse synaptic stimulation at maximal stimulus intensities (Funabiki et al. 1998; Lu, 2009) . Here, we further characterized the physiological symmetry between J Physiol 596.10 the two excitatory inputs in terms of their input-output functions, short-term plasticity and such symmetry under mGluR modulation. Because we observed no apparent differences in these parameters among LF, MF and HF neurons, the results from different frequency regions were pooled together in Figs 2 and 3. The amplitudes of EPSCs elicited by single-pulse stimulation in response to increasing stimulus intensities show similar input-output functions between the ipsilateral (ipsi) and contralateral (contra) inputs ( Fig. 2A and B ; n = 48, paired t test P = 0.746). The input-output functions were non-monotonic. EPSC amplitude increased with increasing stimulus intensity for most of the initial stimulus steps tested and then reduced in response EPSCs elicited by single-pulse stimulation at increasing intensities display similar input-output functions between the two bilateral excitatory inputs (n = 48 cells). The functions are non-monotonic, likely due to depolarization block at high intensities. The stimulus intensities are in arbitrary units (AU) relative to the threshold (the minimal stimulus that elicited detectable EPSCs).C and D, quantitative analysis of the kinetics of the bilateral EPSCs. Scatter plot of contra 10-90% rise time against ipsi 10-90% rise time, and the scatter plot of contra decay time constant (tau) against ipsi decay tau show that the data points are close to the line of equality. Consistently, the averaged values of both parameters have no differences between the ipsi and contra EPSCs (n = 37). E, representative EPSCs elicited by ipsi or contra stimulation alone, at two stimulus frequencies (10 and 100 Hz, 20 pulses), showing increased synaptic depression with increasing stimulus frequency. F, EPSCs show similar synaptic depression profiles between the ipsi and contra inputs, at various stimulus frequencies ranging from 5 to 200 Hz (n = 3-4 cells). G, higher stimulus intensity reduced the degree of synaptic depression of EPSCs. Independent of the stimulus intensity, EPSCs were depressed to the similar degree between the ipsi and contra inputs in response to train stimulation (at 100 Hz, low intensity: n = 8 and 6 for ipsi and contra; high intensity: n = 8 and 9 for ipsi and contra, respectively).
to higher stimulus intensities. The reduction of EPSC amplitude is likely due to depolarization block at high stimulus intensities (Bianchi et al. 2012) , which may underlie intensity-dependent compensation or intensity tolerance in ITD coding in NL (Nishino et al. 2008 ). The two input-output functions are not completely overlapping, indicating that the symmetry is approximate but not perfect. Further analyses revealed that the 10-90% rise times as well as the decay time constants (tau) of EPSCs were similar between the ipsi and contra inputs, as shown by the scatter plots and the averaged population data ( Fig. 2C and D ; ipsi rise time: 0.603 ± 0.093 ms, contra rise time: 0.599 ± 0.082 ms, paired t test P = 0.890; ipsi decay tau: 1.563 ± 0.178 ms, contra decay tau: 1.659 ± 0.260 ms, paired t test P = 0.567, n = 37).
Short-term plasticity of EPSCs is particularly important for auditory brainstem processing (MacLeod & Carr, 2012) . While both synaptic depression and facilitation are present in the part of cochlear nucleus neurons that encodes intensity information among other sound features (MacLeod et al. 2007) , strong synaptic depression dominates in the timing-coding NM neurons. In NL neurons, synaptic depression but not synaptic facilitation of ESPCs has been reported, and functionally synaptic depression improves coincidence detection (Kuba et al. 2002; Cook et al. 2003) . To address whether synaptic depression between the two excitatory inputs to single NL neurons is similar, we separately evoked EPSCs from both inputs using the same train stimulation at various stimulus frequencies. Representative EPSCs elicited by ipsi or contra stimulation alone, at two stimulus frequencies (10 and 100 Hz, 20 pulses), show increased synaptic depression with increasing stimulus frequency (Fig. 2E ) under a stimulus intensity that elicited the maximal responses. Population data show a similar profile of synaptic depression between the ipsi and contra inputs, at stimulus frequencies ranging from 5 to 200 Hz (Fig. 2F) . The form of short-term plasticity has been shown to be dependent on stimulus intensity and thus synaptic response amplitude (Tang & Lu, 2012) . Therefore, we determined synaptic depression of EPSCs of the two inputs under both low (about half of maximum response) and high (maximum response) stimulus intensities. Higher stimulus intensity reduced the degree of synaptic depression of EPSCs. Independent of the stimulus intensity, EPSCs were depressed to a similar degree between the ipsi and contra inputs in response to train stimulation, with closely overlapped synaptic depression profiles ( Fig. 2G ; at 100 Hz, low intensity: n = 8 and 6 for ipsi and contra, respectively; high intensity: n = 8 and 9 for ipsi and contra, respectively). Furthermore, the recovery of the single-pulse response following synaptic depression of EPSCs evoked by train stimulation shows similarity between the two inputs. Figure 3A shows examples of EPSCs elicited by a train stimulation (100 Hz, 20 pulses) followed by single-pulse stimulation at time intervals of 50, 100, 200 and 400 ms after the last pulse of the train stimulation. The EPSCs evoked by the single-pulse stimulus were superimposed to show the gradual recovery of the EPSC amplitude with increasing inter-stimulus interval (ISI). EPSCs normalized to the peak overlapped closely indicating similar rising and decay kinetics. When the relative amplitude of the EPSCs evoked by the single-pulse stimulus to the first EPSC in response to the train stimulation was plotted against the ISI, the data show a similar recovery of EPSC amplitude with increasing ISI (Fig. 3B ; n = 14), with relatively large variations at shorter ISIs.
The symmetry of bilateral excitation to NL neurons was maintained under mGluR modulatory conditions. The modulation of EPSCs was observed in LF neurons and largely diminished in MF/HF neurons. In LF neurons, agonists for mGluR I (3,5-DHPG, 200 μM, n = 9) and II (DCG-IV, 2 μM, n = 6), but not III (L-AP4, 10 μM, n = 4) inhibited EPSCs ( Fig. 4A; * P < 0.05, indicating significant difference from control). The degree of modulation (% control) was not different between the ipsi and contra inputs to NL (paired t test P > 0.05 for all 3 groups of mGluRs; mGluR I: ipsi 55.1 ± 7.3%, contra 60.5 ± 3.9%; mGluR II: ipsi 70.1 ± 10.0%, contra 66.4 ± 14.0%; mGluR III: ipsi 106.9 ± 6.7%, contra 104.0 ± 9.1%). In MF/HF neurons, none of the mGluR agonists significantly affected EPSCs (Fig. 4B, 3 ,5-DHPG, 200 μM, n = 16; DCG-IV, 2 μM, n = 12; L-AP4, 10 μM, n = 5), with the maximal average reduction being 8.0% from control (P > 0.05). The amplitude of EPSCs under the drug conditions was not different between the ipsi and contra inputs to NL (paired t test P > 0.05 for all 3 groups of mGluRs; mGluR I: ipsi 96.7 ± 6.4%, contra 92.0 ± 4.0%; mGluR II: ipsi 99.1 ± 3.4%, contra 94.7 ± 3.0%; mGluR III: ipsi 96.5 ± 4.4%, contra 99.1 ± 3.2%).
The physiological results are consistent with anatomical observations, which show gradient expression of mGluR II (stronger in LF neurons) and symmetry between the dorsal and ventral neuropils (Okuda et al. 2013; Lu, 2014) . Both members of mGluR I (mGluR1 and mGluR5) are detected in chicken NM neurons (Zirpel et al. 2000) . Our results show that mGluR1 was expressed primarily in cell bodies of NM and NL neurons (Fig. 4C and D, n = 6 chicks). The symmetry in mGluR I modulation of the two excitatory inputs may thus be readily interpreted. Because the expression of mGluR I was primarily in the cell bodies but not in the neuropils, it is likely that the modulation is postsynaptic in origin, affecting the two excitatory inputs equally. Activation of postsynaptic mGluR I can induce the release of endocannabinoids, which in return activate type 1 cannabinoid receptors on the presynaptic terminal, resulting in inhibition of Ca 2+ channels and subsequent suppression of glutamate release (Kushmerick et al. 2004) . In contrast, mGluR II is expressed primarily in the neuropils of NL neurons and the modulation of EPSCs is demonstrated to be presynaptic (Okuda et al. 2013) . Therefore, the similarity in EPSC amplitudes under mGluR II modulation reflects symmetry in presynaptic synaptic inputs to NL neurons. Furthermore, EPSCs in LF neurons, when modulated by mGluR II, show a reduced degree of synaptic depression, for both ipsi and contra inputs ( Fig. 4E-G ; n = 5), further supporting the notion that the two excitatory inputs are balanced under mGluR modulation.
Activity-dependent plasticity of mGluR modulation of EPSCs in NL neurons
To determine synaptic plasticity of mGluR modulation of synaptic transmission, we took advantage of the symmetrical modulation of the bilateral excitation by mGluR II in NL and performed within-cell control experiments. Unilateral cochlea removal deprives the excitatory input to one input (dorsal dendrites on the ipsi and ventral dendrites on the contra input relative to the manipulation) while leaving the other input intact. Because mGluR modulation of EPSCs was mainly detected in LF neurons (Fig. 4) , we investigated specifically LF neurons in experiments for Fig. 5 . Results show that the symmetry of EPSC strength was disrupted after sensory deprivation. Input-output functions show that cochlea removal (1-3 days after surgery) reduced EPSCs on the deprived input at every stimulus level above the threshold ( Fig. 5A ; n = 14), with the two input-output functions being significantly different (paired t test P = 0.0018). Because most neural systems experience homeostatic regulation in response to manipulations of input levels (Walmsley et al. 2006; Sanes & Woolley, 2011) , we hypothesized that the reduced input on the deprived domain would be less suppressed by mGluRs compared to the intact input. However, surprisingly, activation of mGluR II with DCG-IV (2 μM) produced stronger and longer-lasting suppression of EPSCs at the deprived input than the intact domain ( Fig. 5B ; n = 10), suggesting anti-homeostatic plasticity. Furthermore, short-term plasticity changed its profile (Fig. 5C and D) . Cochlea removal did not alter synaptic depression of EPSCs evoked at 100 Hz ( Fig. 5E ; n = 13) for either the intact or deprived inputs. Interestingly, with group II mGluR modulation, short-term plasticity of EPSCs of the deprived input shows a transient synaptic facilitation followed by depression ( Fig. 5F ; n = 10), suggesting decreased release probability of the deprived input.
The protein level of mGluRs is one key factor determining their modulatory functions. It is known that hearing deprivation changes the level and distribution of a variety of proteins in NL (Rubel & Fritzsch, 2002) , but it remains entirely unknown how the protein levels of mGluRs are affected. Therefore, using immunohistochemistry, we characterized hearing . Bilateral synaptic excitation maintains symmetry in synaptic strength and short-term plasticity under mGluR modulation A, in LF neurons, agonists for mGluR I (3,5-DHPG, 200 µM, n = 9) and II (DCG-IV, 2 µM, n = 6), but not III (L-AP4, 10 µM, n = 4) inhibited EPSCs ( * P < 0.05, indicating significant differences from control). The degree of modulation (% control) was not different between the ipsi and contra inputs to NL. B, in contrast, in MF/HF neurons, none of the mGluR agonists significantly affected EPSCs (3,5-DHPG, 200 µM, n = 16; DCG-IV, 2 µM, n = 12; L-AP4, 10 µM, n = 5), with the maximal average reduction being 8.0% from control (P > 0.05). The amplitude of EPSCs under the drug conditions was not different between the ipsi and contra inputs to NL. C, mGluR1 was expressed primarily in cell bodies of NM and NL neurons. The images on the lower panel are enlarged versions from the areas with rectangles in the low-magnification image. D, western blot confirmed the specificity of the antibody against mGluR1 (142 kDa, indicated by the arrow). E-G, when modulated by mGluR II, EPSCs show reduced degree of synaptic depression, for both ipsi and contra inputs (n = 5). . Unilateral hearing deprivation reduces EPSC, strengthens mGluR modulation, alters short-term plasticity under mGluR modulation, and upregulates the expression of mGluR II A, input-output functions show that unilateral cochlea removal (1-3 days after surgery) reduced EPSCs on the deprived input (n = 14). The scatter plots show the distribution of individual data points. The inset shows two sample EPSCs obtained from the intact and deprived input. Stimulus intensity is relative to the threshold for synaptic responses (AU). B, activation of mGluR II with DCG-IV (2 µM) produced stronger and longer-lasting suppression of EPSCs at the deprived input (n = 10). C and D, modulation by mGluR II of bilateral EPSCs elicited at 100 Hz (20 pulses) from an individual NL neuron, at the stimulating intensity close to maximum. The insets show the first two EPSCs at enlarged time scales under different recording conditions, exhibiting synaptic depression versus synaptic facilitation. E, cochlea removal did not change short-term plasticity (synaptic depression) of EPSCs evoked at 100 Hz (n = 13), for both the intact and deprived inputs. F, interestingly, with group II mGluR modulation, short-term plasticity of EPSCs of the deprived input shows a transient synaptic facilitation (indicated by the arrow) followed by depression (n = 10), suggesting decreased release probability of the deprived input. G, group II mGluR expression in chick brainstem. The cochlea on the right side was removed (indicated by the punched hole with #).
H, the schematic drawing shows the pathways with deprived inputs to NM and NL in red. The image shows the removed columella (indicated by the arrow) and the whole basilar papilla (the cochlea) from one chick, confirming complete cochlea removal. I and J, the deprived NL neuropils show stronger mGluR II expression (24 h up to 13 days after surgery). K and L, a portion of NL from panels I and J is shown at an enlarged scale. Scale bars: G, I and K: 500, 100 and 25 µm, respectively.
deprivation-induced changes in the expression of mGluR II (mGluR2/3) in NL neurons. We predicted that the directions in the changes of mGluR expression were consistent with those of physiological changes. Therefore, strengthened presynaptic mGluR modulation of EPSCs on the deprived domain would be correlated with an up-regulation of mGluR expression in this domain. As an important control experiment, in normal hearing animals, the immunoreactivity of mGluR II in the NL is similar between the dorsal and ventral neuropils (Okuda et al. 2013; Lu, 2014) . Our results show that the deprived NL neuropils had apparently stronger mGluR II expression ( Fig. 5G-L ; 1 or 13 days after surgery), consistent with the physiological data showing anti-homeostatic plasticity of mGluR II modulation after cochlea removal.
Discussion
Our results demonstrate quantitatively that the bilateral excitatory inputs originating from the two cochlear nuclei to single coincidence detection NL neurons are largely segregated from each other, and their integration is linear for EPSPs. The two excitatory inputs to single NL neurons are of symmetry in synaptic strength, kinetics and short-term plasticity, consistent with morphological symmetry between the two sets of dendrites. In addition, mGluR subtype-dependent modulation of EPSCs in NL neurons is similar between the two excitatory inputs, maintaining balanced bilateral excitation under modulatory conditions. Unilateral hearing deprivation reduces synaptic excitation and yet mGluR II modulation of EPSCs on the deprived domain is stronger than the intact domain, suggesting anti-homeostatic regulation of neuromodulation.
Synaptic segregation and integration
Synaptic segregation of the bilateral excitatory inputs to NL neurons has a morphological basis. The synaptic terminals originating from one NM, which are oriented orthogonal to the tonotopic axis (Young & Rubel, 1983) , do not cross the lamina of the cell bodies of NL to innervate the other set of dendrites that are innervated by the other NM (Rubel et al. 1981) . Remarkably, the segregation of the excitatory inputs to NL neurons is independent of tonotopic positions. However, crossover of the input to the other domain occurs when one input is deprived (Rubel et al. 1981) , suggesting that the maintenance of synaptic segregation of the two excitatory inputs is activity dependent. The dendrites of NL neurons have a gradient in dendritic length along their frequency axis, with the longest dendrites in LF neurons, and progressively shorter dendrites in higher CF neurons (Smith & Rubel, 1979) . Segregation of the two excitatory inputs onto LF and MF neurons could be readily achieved because the relatively long dendrites in these neurons could serve as the recipients of their respective inputs from the two cochlear nuclei. The segregation of the two inputs in HF neurons we observed is somewhat surprising because HF neurons possess very short bipolar dendrites, with the length of the dendrites being as short as or even less than the soma size (Smith & Rubel, 1979) . Therefore, segregation of the two inputs in HF neurons must be executed physically in a very strict way in order to prevent cross-activation of the two inputs, which would compromise the computational power of the dendrites (Rall, 1967) . While the excitatory inputs onto the two sets of dendrites are segregated, the inputs onto the soma may still overlap (Parks et al. 1983) .
It is also worth noting that the segregation fractions in HF neurons varied widely, suggesting heterogeneity of synaptic segregation in these neurons. Despite the nearly complete segregation of the two excitatory inputs to single NL neurons, the integration of the two inputs was sub-linear when EPSCs were assessed. Several factors may underlie the sub-linearity of EPSC summation. First, because the bilateral excitatory inputs may overlap onto the soma of NL neurons (Parks et al. 1983) , glutamate released from the two bilateral excitatory terminals to NL neurons would compete for the same pool of postsynaptic receptors, partially contributing to sub-linear integration of EPSCs. Second, the onset timing of the two EPSCs cannot be perfectly set to start at the identical time, even though we tried to adjust the relative timing of the two stimuli. Therefore, despite similar rise times, the two EPSCs reached their peak amplitudes at a close but not identical time point causing summation of the two EPSCs to be sub-linear. Third, we did not perform whole-cell capacitance neutralization and series resistance compensation (see Methods). This may cause reduced driving force for EPSCs evoked at approximately the same time, contributing to the sub-linearity of EPSC summation. A linear synaptic integration was indeed observed when EPSPs were examined under current clamp, especially when supra-threshold responses are taken into consideration ( Fig. 1E and F) , consistent with the linear integration of the two converging excitatory inputs to MSO neurons (van der Heijden et al. 2013) . Given that the first two factors that may be responsible for sub-linear summation of synaptic responses (both EPSCs and EPSPs) exist for both voltage and current clamp J Physiol 596.10 recordings, the summation of the two synaptic inputs in the native circuit is expected to be linear and might even be super-linear. In the mammalian MSO neurons, the linear integration may be partially owing to the presence of perisomatic voltage-gated Na + channel activity , which is largely absent in NL neurons (Kuba et al. 2006) . Active conductances such as low voltage-gated K + channels on MSO dendrites also contribute to improving the time resolution and thus linearity of synaptic integration , while expression of these channels on NL dendrites is absent (Fukui & Ohmori, 2004) or very weak (Kuba et al. 2005) . Therefore, it is of great interest for future studies to reveal the underlying mechanisms for the linear summation of bilateral EPSPs in NL neurons. The combined EPSCs triggered by bilateral inputs are of a lesser degree in synaptic depression compared to EPSCs when one single input is activated alone, presumably improving synaptic efficacy and efficiency of coincidence detection, as occurred when synaptic excitation is modulated by metabotropic GABA receptors (Brenowitz et al. 1998; Fischl et al. 2012) . Reduced synaptic depression results in smaller but more stable EPSPs, which correlate with a sharper time window for coincidence detection (Kuba et al. 2002) .
Synaptic modulation and symmetry
The morphological symmetry of the two sets of dendrites in NL neurons is reflected in their similar number of proximal dendrites, number of dendritic branches, and overall dendritic length (Smith & Rubel, 1979) . These features have been also observed for MSO neurons, although a gradient in dendritic length in MSO neurons is not present (Russell & Moore, 1999; Rautenberg et al. 2009) . Combined with previous studies (Funabiki et al. 1998; Lu, 2009) , our results provide further physiological evidence on short-term plasticity supporting the bilateral symmetry of the two excitatory inputs to NL neurons. Such symmetry of the two excitatory inputs promotes coincidence detection van der Heijden et al. 2013; Franken et al. 2015) . Although the physical loci of the excitatory inputs on NL dendrites have not been mapped out, a similar distribution pattern and similar number of functional postsynaptic glutamate receptors can be speculated, based on the observation that similar Ca 2+ signalling is elicited in response to synaptic activation of the bilateral inputs (Blackmer et al. 2009 ) and that the T-type Ca 2+ channels are tonotopically distributed in NL neurons (Fukaya et al. 2018) .
The physiological symmetry of the bilateral EPSCs under mGluR modulation (Fig. 6A) bears two important functional implications. First, the symmetry under mGluR modulation suggests balanced bilateral excitation is maintained under ongoing sound processing especially at heightened inputs, which have great potential activating mGluRs. This may be particularly applicable for mGluR II, which has high affinity for binding glutamate (Niswender & Conn, 2010) , and exhibits endogenous activity in NL neurons at rest (Tang et al. 2013) . Second, there may exist tonotopic differences in subtype-dependent mGluR modulation of EPSCs and thus different ITD coding strategies in NL neurons at different frequency regions. Many neuronal properties of auditory neurons are generally organized with a gradient along the tonotopic axis, allowing for specific requirements of neural coding of sounds at different frequencies (Schreiner & Winer, 2007; Kandler et al. 2009 ). NL is highly tonotopically organized in multiple cellular morphological and physiological properties (e.g. Smith & Rubel, 1979; Kuba et al. 2005; Hamlet et al. 2014 ). Here we report that mGluRs modulate EPSCs in LF neurons and exert little or no modulatory action on EPSCs in MF/HF neurons. . Synaptic plasticity of mGluR modulation in NL A, hypothetical drawing showing that the two excitatory inputs have symmetrical synaptic strength, with or without mGluR modulation. B, after cochlea removal, the synaptic strength of the deprived input is reduced, possibly due to a decrease in the number of inputs as well as the synaptic strength of survived synapses. Under mGluR modulation, the synapses can exhibit either homeostatic or anti-homeostatic plasticity, the latter of which is observed in this study.
The lack of modulation in MF/HF neurons could be a result of the absence of functional mGluR II on the glutamatergic terminals. The differential modulation of the synaptic excitation suggests that two distinct neuronal populations of NL neurons utilize different neuromodulation mechanisms in ITD coding. LF neurons phase lock to their excitatory input and the phase-locking fidelity presumably alters with the strength of the input. Thus, mGluR modulation may provide a feedback mechanism to regulate synaptic excitation in order to achieve high-fidelity phase locking in LF neurons. The concept may extend to other topographically organized sensory systems such that neuromodulation is tuned at specific sensory inputs.
Sensory deprivation on mGluR plasticity
Hearing deprivation leads to changes in synaptic strength via postsynaptic ionotropic receptors in an attempt to compensate for the reduced excitatory input (Walmsley et al. 2006) . In the central auditory system, increased excitation and reduced inhibition work synergistically to achieve this. It is well established that cochlea removal in the chick leads to 25-30% cell death in NM in the ages tested (1-66 weeks) (Born & Rubel, 1985) . Each NL neuron receives multiple excitatory terminals from 20 to 50 NM neurons (Hackett et al. 1982) . Therefore, in NL, the reduction in the strength of the excitatory input at the deprived domain is likely due to the reduction in the number and the strength of the inputs from the activity-deprived NM (Fig. 6B, trace a) . Of more interest, because homeostatic plasticity is a general rule governing synaptic scaling (Turrigiano, 2011) , we expected that hearing deprivation induced plasticity of mGluR-mediated modulation of synaptic transmission in a way that restored balanced excitation and inhibition (Fig. 6B, trace b) . However, our results support the opposite, with stronger mGluR suppression of EPSCs of the deprived domain, and a matched up-regulation of mGluR expression in the same domain (Fig. 5) . Unilateral hearing deprivation thus not only disrupts the symmetry of the bilateral excitatory inputs but also undertakes an anti-homeostatic plasticity, further promoting the asymmetry in bilateral excitation after sensory deprivation (Fig. 6B, trace c) . Why was it that homeostatic plasticity, as observed for other physiological properties in NL neurons, did not occur for mGluR modulation of synaptic excitation? We propose that anti-homeostatic plasticity of mGluR modulation might attempt to preserve the overall strength of synaptic excitation. When the already diminished EPSC on the deprived domain was suppressed, the contribution of the reduced input to the total excitation became negligible. In contrast, in a homeostatic plasticity scenario, the excitatory input from the intact side would be more strongly reduced, producing an overall weaker excitation compared to that under anti-homeostatic plasticity. Therefore, anti-homeostatic plasticity for mGluR modulation of the excitatory inputs to NL may function to maintain the overall excitation with a tradeoff of disruption of synaptic symmetry, prioritizing neuronal survival based on total excitation over one particular neural computational function. It is worth noting, however, that the form of plasticity after sensory deprivation could be dependent on the type of manipulations as well as on the timing of the surgery. Compared to conductive hearing loss, cochlea removal is a dramatic surgery after which hearing loss is followed by degeneration of central auditory neurons (Born & Rubel, 1985) . We chose to use the surgery of cochlea removal, rather than conductive hearing loss, in order to maximize the effects of hearing deprivation on synaptic properties of central auditory neurons. In terms of timing, we chose to use 1-3 days after surgery when other proteins displayed the most dramatic changes after cochlea removal. It is possible that not only these two different manipulations of sensory inputs, but also the same manipulation at a different timing, may lead to different compensatory cellular mechanisms and different forms of synaptic plasticity.
